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Molecular chaperones: The busy life of Hsp90
Matthias P. Mayer and Bernd Bukau
The heat shock protein Hsp90 is a molecular chaperone
which assists the refolding of misfolded proteins, but
also has highly selective functions in normal
metabolism. These dual functions enable Hsp90 to
connect environmental conditions with developmental
processes and to buffer genetic changes.
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A number of different classes of protein were initially
identified by the marked increase in their concentration
in cells after an increase in temperature, or heat shock.
Some of these are now well characterized molecular
chaperones, with clear roles in protein biogenesis. Those
of the heat shock protein 90 (Hsp90) class, however,
have been relative cinderellas of the field; it is only in
the past few years that key features of their function
have been deciphered (reviewed in [1]). They are com-
posed of highly conserved 25 kDa amino-terminal and
50 kDa carboxy-terminal domains, separated in the
eukaryotic homologues by a charged region. The bio-
chemical activities of these domains are still poorly
defined, and only recently an ATPase activity was local-
ized to the amino-terminal domain after the atomic-reso-
lution structure of the domain in a complex with
nucleotide was solved [2]. The same nucleotide-binding
site also coordinates the Hsp90-specific anti-tumor drug
geldanamycin [3]. The effects of point mutations that
impair the ATPase active site showed that the binding
and hydrolysis of ATP are indeed essential for Hsp90’s
in vivo functions [4]. 
Hsp90 chaperones are among the most abundant proteins
in the cytosol of eukaryotic cells, and of course their
abundance is increased further by stress treatments. They
have been shown to be essential in three model eukaryotic
species where the point has been tested — Saccharomyces
cerevisiae, Schizosaccharomyces pombe and Drosophila
melanogaster — while the Escherichia coli homologue, HtpG,
is essential only at the uppermost end of the growth tem-
perature range. These features suggest that Hsp90 has
stress-related as well as housekeeping functions, a sugges-
tion that is substantiated by the identification of a variety
of cellular targets for Hsp90 (Figure 1). Recent results have
shed light on some of Hsp90’s more specialized functions,
and provided intriguing evidence for an important role in
morphological evolution.
General chaperone activities of Hsp90
Recent attempts to elucidate the role of Hsp90 in the
folding and assembly of cellular proteins have emphasized
its potential as a general chaperone. The way that Hsp90
might contribute to stress responses has been demon-
strated by in vitro folding assays, where Hsp90 acted to pre-
vented the aggregation of thermally or chemically unfolded
reporter enzymes [5]. The refolding of these enzymes,
however, required the subsequent action of Hsp70 and its
Hsp40 co-chaperone, indicating that the Hsp90 and Hsp70
chaperone systems might cooperate in protein repair [6].
Convincing in vivo evidence for a general function of
Hsp90 in protein repair is still missing, though such a func-
tion is strongly suggested by the protein’s high cellular
concentration and the stress inducibility. It is puzzling,
however, that S. cerevisiae cells with a conditional Hsp90
mutation (hsp82) show no increase in the level of aggre-
gated proteins after heat shock treatment [7] and no appar-
ent defect of induced thermotolerance [5]. 
Observations on the de novo folding of newly synthesized
proteins in the hsp82 mutant cells [7] indicate that Hsp90
is unlikely to be required for folding of the bulk of yeast
proteins, consistent with the unsuccessful attempts by
several laboratories to detect Hsp90 in association with
nascent polypeptide chains emerging from ribosomes [8].
Together, these data indicate that Hsp90 may have a
general role in the refolding of the misfolded proteins that
accumulate in response to various stress treatments, and
perhaps upon mutational alteration of proteins (see below),
but there is no indication for a general role of Hsp90 in the
de novo folding of newly synthesized proteins.
Specialized chaperone activities of Hsp90 
A hallmark of eukaryotic Hsp90 is its highly selective
activity in unstressed cells, which links this chaperone to
processes controlling cell growth and differentiation [9]
(Figure 1). Hsp90 is involved in the maturation, intracel-
lular transport and regulated activities of nuclear hormone
receptors and other transcription factors, protein kinases
involved in signal transduction and translation control,
and heme-dependent nitric oxide synthase [9]. The mat-
uration and stability of the chloride channel CFTR,
encoded by the cystic fibrosis locus, also requires Hsp90
function [10]. The selectivity of Hsp90 for its targets is so
high that even closely related viral and cellular members
of the Src tyrosine kinase family, c-Src and v-Src, differ
significantly in their requirement for Hsp90 [11,12]. The
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targets of the specialized chaperone activity of Hsp90
appear to share certain characteristics: they are often
intrinsically labile, or they have complex folding path-
ways, or they need to be kept in a ‘competent’ conforma-
tion that allows insertion of a cofactor, binding of a ligand
or covalent modification.
A classical example is that of the steroid hormone
receptors, which associate with Hsp90 and other ‘usual
suspects’ in protein biogenesis — Hsp70, Hsp40, the
prolyl isomerase FKBP52 and the chaperone cofactors p23,
Hip and Hop [9]. These dynamic interactions generate
and maintain the hormone-binding activity of the recep-
tors by ensuring the binding competence of the hormone-
binding pocket and by stabilizing the receptor as an
inactive monomer in the cytosol. Hsp90 is thought to act in
this multiprotein complex as the component that holds the
receptor in a conformation competent to bind hormone.
Hormone binding triggers dissociation of the chaperones,
followed by dimerization and translocation of the receptor
into the nucleus, where it activates transcription.
The protein kinases that have been shown to require
Hsp90 include Src family tyrosine kinases, the Wee1
tyrosine kinase, the serine/threonine kinases Raf-1 and
Mek, the cyclin-dependent serine/threonine kinase Cdk4
and the heme-dependent eIF-2α kinase [10–16]. It is
intriguing that three components of the mitogen-activated
protein (MAP) kinase pathway have been found to inter-
act with Hsp90. As in the case of the steroid hormone
receptors, Hsp90 is required for various steps in the lives
of at least several of these kinases. Hsp90 is required for
the maturation of eIF-2α kinase, possibly acting co-trans-
lationally in folding of the nascent polypeptide [15]. v-Src
and c-Src require Hsp90 for maturation of their catalytic
activity, and c-Src also needs Hsp90 in order to be a sub-
strate for the regulatory kinase Csk [11,12]. Hsp90 is also
necessary for the formation of an active Cdk4–cyclin D
Figure 1
Cellular functions of Hsp90. Left: the bulk of
cellular proteins interact with Hsp90 (90) only
after their native conformation has been lost as
a result of stress or mutation. Refolding of
these misfolded proteins most likely involves
the functional cooperation of Hsp90 and the
Hsp70 chaperone system. Right: Hsp90 is
targeted by specific cofactors, Cdc37 (37)
and p23 (23), to selected proteins, including
protein kinases (c-Src, Cdk4, eIF-2α kinase,
Raf-1), nitric oxide synthase (NOS), and steroid
hormone receptors (SHR), to assist their
maturation and to stabilize their conformation,
which is suggested to be metastable. At least
in some cases, additional chaperones and
cofactors are involved in these interactions, but
these are left out for clarity. Hsp90 is usually
released upon activation of the target protein,
for example by phosphorylation or cofactor
binding. Inactivation through the reverse
reaction is only shown in the cases where it
has been demonstrated.
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complex, most likely because Hsp90 assists the matura-
tion of the Cdk4 kinase [13]. The stability and activity of
the Raf-1 kinase depend on Hsp90, not only during
folding but also while the kinase interacts with its
upstream activator Ras [14].
Both during their maturation and after they have achieved
native-like states, these various target proteins remain asso-
ciated with distinct multiprotein complexes which contain
Hsp90 and frequently also Hsp70 and co-chaperones [9].
In a number of cases Hsp90 is targeted to a substrate by a
specific co-chaperone: for example, p23 targets Hsp90 to
steroid receptors [9], and Cdc37 (p50) targets Hsp90 to
protein kinases [13]. This targeting function may be partic-
ularly important for reliable association of Hsp90 with
these substrates, even under stress conditions where mis-
folded proteins accumulate. The complexes with chaper-
ones are apparently formed to stabilize the kinases in
activation-competent states. Upon activation of the kinases
by specific signals — phosphorylation in the case of Src,
eIF-2α kinase and possibly others, heme binding in the
case of eIF-2α kinase, and interaction with cyclin D in the
case of Cdk4 — the chaperones usually dissociate, leaving
the kinases in an activated state and allowing them to be
transported to their requisite sites of action within the cell.
Interactions with protein kinases
The Hsp90-dependent kinases are likely to be structurally
unstable — this may be hard to avoid in proteins that have
to undergo structural transitions in their roles as molecular
switches. They are multidomain proteins, of which the
carboxy-terminal catalytic domain is conserved in
sequence and structure within the different kinase classes.
They undergo signal-induced conformational changes,
which in the case of some of the kinases are known to
involve domain rearrangements (see Figure 2 for c-Src).
This conformational flexibility may involve chaperone-
dependent folding transitions and conformational states.
Furthermore, some kinases need hydrophobic cofactors,
and in these cases Hsp90 may hold the kinase in the
proper conformation for receiving them.
For the Src family kinases, the site of interaction with
Hsp90 has been narrowed down to the catalytic domain
(Figure 2). This has been demonstrated by the ability of
geldanamycin to inhibit folding and induce misfolding of
the catalytic domain of the Src family kinase Lck [16],
and by the effects of mutations in the catalytic domain of
v-Src on the Hsp90 dependency [12]. Atomic-resolution
structures have been determined for the catalytic
domains of Src kinases in both active and inactive states
[17], providing hints as to the nature of the Hsp90 depen-
dency. Tyrosine phosphorylation of the carboxy-terminal
tail of the catalytic domain by Csk induces conforma-
tional transitions that lead to association of the Src-homol-
ogy 2 (SH2) domain with the phosphotyrosine and the
Src-homology 3 (SH3) domain with the connector
between the SH2 and catalytic domains (Figure 2). This
may stabilize the catalytic domain, a view consistent with
the observed decrease in Hsp90 requirement after phos-
phorylation of c-Src. The absence of the phosphorylated
tyrosine in v-Src may contribute to its increased require-
ment for Hsp90.
A link to morphological evolution
An elegant genetic study by Rutherford and Lindquist
[18] has recently provided evidence for a link between the
cellular roles of Hsp90 and evolutionary changes in
developmental processes. Their initial observation was
that Drosophila strains heterozygous for an Hsp90 mutation
(hsp83) have an increased rate of unusual morphological
abnormalities. When the hsp83 mutation was crossed onto
the genetic background of various wild-type and laboratory
Drosophila strains, strain-specific morphological abnormali-
ties were seen that were were not expressed in the
parental strains. Once established in a line, these
alterations became independent of the hsp83 mutation.
An additional intriguing observation made by Rutherford
and Lindquist [18] was that identical morphological alter-
ations could be induced in the parental strains by heat or
cold stress or exposure to geldanamycin, showing that the
variations were already present and did not appear de novo
as a consequence of low Hsp90 levels. The conclusion
drawn from these exciting discoveries is that Hsp90
‘buffers’ genetic variation, probably by stabilizing an active
wild-type-like conformation of a mutant protein, thereby
allowing the covert accumulation of alterations, until an
environmental change induces their phenotypic expres-
sion. As Rutherford and Lindquist [18] put it, Hsp90 may
act as a “capacitor for morphological evolution”, a role of
Figure 2
Conformational changes of Src family tyrosine kinases. (a) The domain
structure of c-Src [17]. (b) The conformational changes induced by
phosphorylation and activation of c-Src. The amino-terminal
myristoylation was omitted for clarity. (See text for details.)
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tremendous potential for driving evolution that we are only
beginning to understand.
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If you found this dispatch interesting, you might also want
to read the February 1999 issue of
Current Opinion in
Structural Biology
which included the following reviews, edited
by Simon EV Phillips and Dion Moras, on
Protein–nucleic acid interactions:
Structure and mechanism in site-specific
recombination
Deshmukh N Gopaul and Gregory D Van Duyne
Getting a grip: polymerases and their substrate
complexes
Joachim Jäger and Janice D Pata
Stuctural insights into the function of type
IB topoisomerases
Matthew R Redinbo, James J Champoux and Wim GJ Hol
Envisioning the molecular choreography of DNA base
excision repair
Sudip S Parikh, Clifford D Mol, David J Hosfield 
and John A Tainer
Combinatorial gene regulation by eukaryotic
transcription factors
Lin Chen
Telomerases
Marc O’Reilly, Sarah A Teichmann and Daniela Rhodes
RNA–protein complexes
Stephen Cusack
Adaptive recognition in RNA complexes with peptides
and protein modules
Dinshaw J Patel
the same issue also included the following
reviews, edited by Christopher M Dobson
and Oleg B Ptitsyn, on Folding and binding:
The fundamentals of protein folding: bringing together
theory and experiment
Christopher M Dobson and Martin Karplus
Principles of protein folding in the cellular environment
R John Ellis and F Ulrich Hartl
Co-translational folding
Boyd Hardesty, Tamara Tsalkova and Gisela Kramer
Membrane protein folding
Paula J Booth and A Rachael Curran
The full text of Current Opinion in Structural Biology is in
the BioMedNet library at
http://BioMedNet.com/cbiology/stb
